Introduction
When plants are grown under Fe-deficient conditions their youngest leaves develop a characteristic greenish-yellow colour, often referred to as Fe-deficiency chlorosis. Leaves have decreased leaf chlorophyll (Chl) concentrations and drastically reduced photosynthetic rates (Terry and Abadía 1986, Abadía and Abadía 1993) . Without sufficient Chl, leaves are unable to produce enough photosynthates for growth and development (Miller et al. 1984) . The characteristic yellow colour of chlorotic leaves is a consequence of a relative enrichment in carotenoids (Bolle-Jones and Notton 1953 , Terry 1980 , Morales et al. 1990 ). Other changes caused by Fe deficiency on leaf physiology have been described in several reviews (Terry and Abadía 1986 , Abadía 1992 , Terry and Zayed 1995 . N, glycine; Chl, chlorophyll; CS, citrate synthase; CoA, coenzyme A; DTNB, 5-5%-dithio-bis-2-nitrobenzoic acid; FC-R, ferric-chelate reductase; G6PDH, glucose-6-phosphate dehydrogenase; HEPES, N-2-hydroxyethylpiperazine-N%-2-ethanesulphonic acid; ICDH, isocitrate dehydrogenase; LDH, lactate dehydrogenase; MDH, malate dehydrogenase; PDC, pyruvate decarboxylase; PEP, phosphoenol pyruvate; PEPC, phosphoenol pyruvate carboxylase; PPDF, photosynthetic photon flux density; PVDF, polyvinyl fluoride; PVP, polyvinylpyrrolidone; SPAD, portable Chl meter. 2000a). However, both the role(s) and the source of organic acids in Fe-deficient leaves have not been well established so far (Schmidt 1999) .
Iron deficiency causes nutrient imbalances in different parts of the plant. For instance, leaf mineral composition and nutrient ratios are generally affected (Alloush et al. 1990 , Kö seoglu 1995 . The concentration of bipyridyl-extractable Fe, total K and the ratios K/Ca and P/Fe of peach leaves are significantly affected by Fe-deficiency chlorosis . When plants grow under Fe deficiency in controlled environments, the leaf Fe concentration (on a dry matter or area basis) is generally low when compared to Fe-sufficient plants (Terry 1980 , Terry and Low 1982 , Kolesch et al. 1984 . However, in leaves of field-grown Fe-deficient plants, the concentration of Fe is relatively high in some cases (Abadía et al. 1989 . The fact that Fe-deficient chlorotic leaves often have a high Fe concentration has been recently termed the (Fe) chlorosis paradox (Rö mheld 2000) . This may suggest that, when Fe-deficient, part of the Fe acquired from the soil by the ferric-chelate reductase (FC-R) could be immobilised and accumulated as inactive forms somewhere in the leaf .
Iron resupply to Fe-deficient plants restores many plant functions. For instance, it increases Chl concentrations and restores photosynthetic activity in sugar beet Terry 1983, Nishio et al. 1985) and increases Fe concentrations in roots and leaves of sugar beet (Young and Terry 1982) and maize (Lobréaux et al. 1992 , Thoiron et al. 1997 . Also, Fe resupply to Fe-deficient sunflower plants was shown to cause decreases in the citrate concentrations in the xylem sap Tiffin 1965, Tiffin 1966a,b) .
The aim of the present work was to investigate the effects of Fe resupply on the organic acid metabolism of Fe-deficient sugar beet leaves, to further understand the responses of plants to Fe deficiency. Concentrations of mineral nutrients and organic acids in leaves of sugar beet affected by Fe deficiency and their changes with Fe resupply were measured. Changes with Fe resupply in the activity of the enzyme glucose-6-phosphate dehydrogenase (G6PDH) and in the activities of several enzymes related to organic acid metabolism (phosphoenol pyruvate carboxylase [PEPC] and different TCA cycle-related enzymes) were also measured. The activities of lactate dehydrogenase (LDH) and pyruvate decarboxylase (PDC), two enzymes related to anaerobic metabolism, were also determined in Fe-deficient sugar beet leaves before and after Fe resupply.
Materials and methods

Plant material
Sugar beet (Beta 6ulgaris L. Monohil hybrid from Hilleshög, Landskrona, Sweden) was grown in a growth chamber with a photosynthetic photon flux density (PPDF) of 350 mmol m − 2 s − 1 photosynthetically active radiation at a temperature of 25°C, 80% relative humidity and a photoperiod of 16 h light/8 h dark. Seeds were germinated and grown in vermiculite for 2 weeks. Seedlings were grown for 2 more weeks in half-strength Hoagland nutrient solution with 45 mM Fe(III)-EDTA and then transplanted to 20-l plastic buckets (4 plants per bucket) containing half-strength Hoagland nutrient solution (Terry 1980) with either 0 or 45 mM Fe(III)-EDTA. The pH of the Fe-free nutrient solutions was buffered at approximately 7.7 by adding 1 mM NaOH and 1 g l − 1 of CaCO 3 . This treatment simulates conditions usually found in the field leading to Fe deficiency (Susín et al. 1994) . In Fe-resupply experiments, plants grown for 10 days in absence of Fe were transferred to 20-l plastic buckets containing half-strength Hoagland nutrient solution, pH 5.5, with 45 mM Fe(III)-EDTA and no CaCO 3 . Leaf samples were taken at 0 (before adding Fe), 24 and 96 h after the addition of Fe. Leaves sampled were young, recently expanded leaves.
Chl determination
Leaf Chl concentration was estimated non-destructively with a portable Chl meter (SPAD)-502 device (Minolta, Osaka, Japan). For calibration, leaf disks with different degrees of Fe deficiency were first measured with the SPAD, then extracted with 100% acetone in the presence of Na ascorbate and Chl measured spectrophotometrically (Abadía and Abadía 1993).
Mineral content analysis
The leaf mineral composition was determined as described previously . Leaves were dried in an oven at 60°C and the residue was dry-ashed and dissolved in HNO 3 and HCl following the A.O.A.C. procedure (A.O.A.C. 1990 ). Ca (after La addition), Mg, Fe, Mn, Cu and Zn were determined by atomic absorption, K by emission spectrophotometry and P spectrophotometrically.
Organic anion analysis
Leaf samples (one leaf disk of 9.64 cm 2 , taken with a calibrated cork borer) were frozen in liquid N 2 and ground in a ceramics mortar with 8 mM sulphuric acid. Homogenates were boiled for 30 min, filtered with a 0.2 mm polyvinyl fluoride (PVDF) filter (LIDA, Kenosha, WI, USA), taken to a final volume of 2 ml with 8 mM sulphuric acid and kept at −80°C until analysis.
Organic anions were analysed by HPLC using a 300 ×7.8 mm Aminex ion-exchange column (HPX-87H from BioRad, Hercules, CA, USA) with a HPLC Waters system, including a 600E pump, a 996 photodiode array detector and the Millennium 2010 software. Samples were injected with a Rheodyne injector (20 ml loop). Mobile phase (8 mM sulphuric acid) was pumped with a 0.6 ml min − 1 flow rate. Organic anions were detected at 210 nm. Peaks corresponding to oxalate, cis-aconitate, citrate, 2-oxoglutarate, malate, succinate and fumarate were identified by comparison of their retention times with those of known standards from Bio-Rad and Sigma (Fig. 1) . Succinate co-eluted with an unidentified compound with absorption maxima at 210 and 261 nm. The identity of some peaks was further confirmed by UV-VIS and mass spectroscopy (MS) (Waters Corp., Physiol. Plant. 112, 2001 Milford, MA, USA). Quantification was made with known amounts of each organic anion using peak areas.
Enzyme assays
Extracts for measuring enzyme activities were made by grinding 3 leaf disks of 1 cm 2 each, in a ceramics mortar with 1 ml of extraction buffer containing 30 mM sorbitol, 1% bovine serum albumin (BSA) and 1% polyvinylpyrrolidone (PVP) in 100 mM N-2-hydroxyethylpiperazine-N%-2-ethanesulphonic acid (HEPES)-KOH, pH 8.0. The slurry was centrifuged for 15 min at 10 000 g and 4°C, and the supernatant was collected and analysed immediately. The activities of all enzymes were analysed in 1 ml (final volume) of the media indicated below.
Malate dehydrogenase (MDH; EC 1.1.1.37) activity was determined with oxalacetate as substrate (Dannel et al. 1995) by measuring the decrease in absorbance at 340 nm due to the enzymatic oxidation of NADH. The reaction was carried out with 5 ml of extract in 0.1 mM NADH, 0.4 mM oxalacetate and 46.5 mM Tris-HCl, pH 9.5. Citrate synthase (CS; EC 4.1.3.7) was assayed spectrophotometrically according to Srere (1967) by monitoring the reduction of acetyl coenzyme A (CoA) to CoA with 5-5%-dithio-bis-2-nitrobenzoic acid (DTNB) at 412 nm. The reaction was carried out with 50 ml of extract in 0.1 mM DTNB, 0.36 mM acetyl CoA, 0.5 mM oxalacetate and 100 mM TrisHCl, pH 8.1. Aconitase activity (EC 4.2.1.3) was measured from the formation of cis-aconitate, monitored at 240 nm (Bacon et al. 1961 ) with 60 ml of extract in 500 mM sucrose, 50 mM isocitrate and 100 mM Tris-HCl (pH 8.5). Isocitrate dehydrogenase (ICDH; EC 1.1.1.42) activity was determined with 50 ml of extract by monitoring the reduction of NADP + at 340 nm in a reaction mixture containing 3.5 mM MgCl 2 , 0.41 mM NADP + , 0.55 mM isocitrate and 88 mM imidazole buffer, pH 8.0 (Bergmeyer et al. 1974) . Fumarase (EC 4.2.1.2) was assayed with 50 ml of extract following the increase in optical density at 240 nm due to the formation of fumarate (Bergmeyer et al. 1974 ) in 50 mM malate and 100 mM phosphate buffer, pH 7.4. PEPC (EC 4.1.1.31) activity was measured in a coupled enzymatic assay with MDH according to Vance et al. (1983) with 75 ml of extract in 2 mM phosphoenol pyruvate (PEP), 10 mM NaHCO 3 , 5 mM MgCl 2 , 0.16 mM NADH and 100 mM N,N-bis[2-hydroxyethyl]glycine (Bicine)-HCl, pH 8.5. G6PDH (EC 1.1.1.49) was determined with D-glucose-6-phosphate as substrate (Bergmeyer et al. 1974 ) by measuring the increase in absorbance at 340 nm due to the enzymatic reduction of NADP + . The reaction was carried out with 50 ml of extract in 138 mM MgCl 2 , 20 mM glucose-6-phosphate, 7.8 mM NADP + and 100 mM HEPES, pH 7.6. For the determination of LDH (EC 1.1.1.27) and PDC (EC 4.1.1.1) the oxidation of NADH was monitored at 340 nm with 50 ml of extract. LDH was assayed in a reaction buffer containing 94.5 mM phosphate buffer (pH 9.5), 0.77 mM pyruvate and 0.2 mM NADH. PDC was determined in 190 mM citrate-KOH buffer (pH 6.0), 30 mM pyruvate, 0.32 mM NADH and 33 mg ml − 1 alcohol dehydrogenase.
Results
Changes in leaf mineral nutrient composition induced by Fe deficiency and Fe resupply
Fe deficiency induced changes in the mineral nutrient composition of sugar beet leaves. Iron-deficient leaves had 50 and 37% decreases in total P and K concentrations, respectively, and 144 and 50% increases in Ca and Mg concentrations, respectively, when compared to the controls (Table 1) . Among the microelements, Fe decreased by 70% in Fe-deficient leaves, whereas the concentrations of Mn, Cu and Zn were not significantly different from those of Fe-sufficient leaves (Table 1) . After 24 h of Fe resupply, there were no significant changes in leaf K concentrations, whereas Mg increased by 33% (Table 1) . After 96 h of Fe resupply, K had increased by 14%, whereas Mg returned to values similar to those found in Fe-deficient leaves. Iron concentrations increased 1.9-and 3.5-fold at 24 and 96 h after Fe resupply, respectively, reaching values similar to control leaves (Table 1) . The concentrations of Mn and Zn decreased after 24 h of Fe resupply. After 96 h of Fe resupply, Zn returned to the values found before resupply, whereas Mn reached values higher (at PB 0.01) than those found in Fe-deficient leaves. Cu concentrations did not change significantly with Fe resupply.
Changes in leaf Chl with Fe resupply
Iron deficiency was associated with low leaf Chl concentrations in sugar beet. The Chl concentrations in the youngest leaves from plants grown for 10 days in the absence of Fe ranged from 50 to 200 mmol m (Fig. 2) . 
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Changes in leaf organic anion concentrations with Fe deficiency and Fe resupply
In both Fe-sufficient and Fe-deficient leaves the 4 major organic acid species were oxalate, citrate, malate and succinate, accounting for 98% of the total organic anion pool. Organic anion concentrations generally increased at low Fe, major increases being found for oxalate, citrate and malate in moderately Fe-deficient leaves with a Chl content of 200 mmol m − 2 (Table 2 ). Concentration increases with Fe deficiency were 12.4-fold for citrate, 6.8-fold for malate and 1.5-fold for oxalate (Table 2) . Severely Fe-deficient leaves had lower concentrations of citrate and malate than those found in moderately Fe-deficient ones, although these values were still much higher than those of Fe-sufficient leaves (Table 2) . Succinate concentration was highest in severely Fe-deficient leaves.
Maximum concentrations of the minor organic anions cis-aconitate and 2-oxoglutarate were found in Fe-deficient leaves with a Chl concentration of 100 mmol m − 2 (Table 2 ). Fumarate concentrations also increased 19.5-fold in moderately deficient leaves (200 mmol Chl m − 2 ). Severely deficient leaves (50 mmol Chl m − 2 ) still showed fumarate concentrations 7.3-fold higher than those found in Fe-sufficient leaves (Table 2) .
Iron resupply to Fe-deficient plants decreased progressively leaf organic anion concentrations, except for oxalate and succinate. After 24 h of Fe resupply, citrate concentrations had decreased by 74, 39 and 56% in Fe-deficient leaves with initial Chl concentrations of 50, 100 and 200 mmol m − 2 , respectively. Malate concentrations decreased in all leaves to ca 46-54% of the initial values, 24 h after adding Fe. After 96 h of Fe resupply, both citrate and malate concentrations had decreased to values similar to those found in the controls (Table 2) . Oxalate had major increases 24 h after Fe resupply and then decreased at 96 h, whereas succinate generally increased at both resupply times.
The concentrations of the minor organic acids cis-aconitate, fumarate and 2-oxoglutarate generally decreased with Fe resupply. Only trace amounts of cis-aconitate were detected both after Fe resupply and in the controls. Fumarate concentrations decreased to 13-34 and 3-6% of the initial values, 24 and 96 h after adding Fe, respectively (Table 2) . At 24 h after Fe resupply, the concentration of 2-oxoglutarate had increased 1.5-fold in leaves with 50 mmol Chl m − 2 and decreased to 44 -50% in leaves with a lower degree of Fe deficiency. At 96 h, 2-oxoglutarate was 41-58% of the initial values.
Changes in leaf enzymatic activities with Fe deficiency and Fe resupply
Five enzymatic activities involved in organic acid metabolism (MDH, ICDH, CS, aconitase and fumarase) were measured in extracts of Fe-sufficient and Fe-deficient leaves of sugar beet. Enzymatic activities increased moderately with Fe deficiency, with the highest activities usually found in leaves with 40 -100 mmol Chl m − 2 (Fig. 3) . Increases over the control values were approximately 2.0-fold for fumarase (from 0.5 to 1.0 nmol m − 2 s − 1 ), 1.7-fold for aconitase (from 0.6 to 1.1 nmol m − 2 s − 1
) and 1.6-fold for MDH (from 64 to 100 mmol m − 2 s − 1 ). Fumarase activity was lower in leaf extracts with lower Chl concentrations, ) and 2-oxoglutarate, cis-aconitate and fumarate concentrations (in mmol m ) leaves of sugar beet at 0, 24 and 96 h after Fe resupply. Values in parentheses are leaf Chl concentrations. Data are means 9 SE of at least 5 replicates. Within the same row, data followed by the same letter are not significantly different (Student's t-test) Activities of PEPC and G6PDH in leaf extracts also increased moderately with Fe deficiency. Major increases in PEPC and G6PDH activities were found in leaf extracts with 100 and 70 mmol Chl m − 2 , respectively (Fig. 3c) . Enzymatic activity increases with Fe deficiency were 1.5-fold for PEPC (from 2.2 to 3.3 mmol m − 2 s − 1 ) and 1.7-fold for G6PDH (from 1.9 to 3.3 mmol m − 2 s − 1 ; Fig. 3c ). The activities of LDH and PDC, two enzymes related to the anaerobic metabolism, were also measured. LDH activity decreased with Fe deficiency from 0.5 to 0.2 mmol m − 2 s − 1 , whereas PDC activity increased 10-fold in leaves with 50 mmol Chl m − 2 when compared to the controls and decreased in leaves with lower Chl concentrations (Fig. 3c) .
The effects of Fe resupply were only studied in those enzymes which increased in Fe-deficient leaf extracts more than 50% when compared to the controls (MDH, fumarase, aconitase, PEPC, G6PDH and PDC; Table 3 ). Except for fumarase, all these enzymatic activities decreased 24 h after Fe resupply, reaching values even lower than those found in control leaves (Table 3) . At 96 h after Fe resupply, enzyme activities measured had not changed significantly with respect to the activities found 24 h after resupply. Fumarase activity increased 2.2-and 1.9-fold, 24 and 96 h after adding Fe. These values were 4-to 5-fold higher than the activities found in the Fe-sufficient controls.
Discussion
Concentrations of Fe in leaves were severely decreased by Fe deficiency and increased rapidly to control values after Fe resupply. Similar rapid Fe concentration increases upon Fe resupply have been reported in sugar beet (Young and Terry 1982) and maize leaves (Thoiron et al. 1997 ). The total pools of leaf organic anions were much larger in Fe-deficient leaves than in the controls, as reported before for other plant species (Iljin 1951 , de Kock and Morrison 1958 , Palmer et al. 1963 , Landsberg 1981 . Increases were particularly large for citrate and malate. Conversely to reports for other plant species and in agreement with previous studies in sugar beet (Nagarajah and Ulrich 1965) , Fe deficiency caused an increase in leaf Ca and Mg concentrations but did not increase leaf K or HPO 4 2 − concentrations. These increases in divalent cation concentrations could balance the increases in organic anions. Upon Fe resupply, the pools of leaf organic anions decreased gradually. The activities of different enzymes in extracts of Fe-deficient leaves were higher than those found in Fe-sufficient leaves and Fe resupply caused generally a rapid decrease in the activities of these enzymatic activities.
The increased organic acid pools in Fe-deficient leaves are unlikely to be due to an increased leaf C fixation. First, Fe-deficient leaves have markedly decreased leaf photosynthetic rates (Terry 1980 , Abadía 1992 , caused by concomitant decreases in all the components of the photosynthetic machinery (Winder and Nishio 1995) . In our case, photosynthesis rates decreased by approximately 35 and 60% from the control values in leaves with 100 and 50 mmol Chl m − 2 (not shown). An alternative possibility to increase leaf C fixation would be a coordinated increase in the activities of Physiol. Plant. 112, 2001 whereas malate and citrate increases were approximately 7-and 12-fold, respectively. In extracts of severely Fe-deficient leaves, PEPC and MDH activity increased approximately 2-fold, whereas malate and citrate increases were approximately 4-and 7-fold. Also, the possibility that PEPC may fix C in Fe-deficient leaves would depend on the existence of a source of PEP in such leaves, that have otherwise markedly reduced leaf photosynthetic rates (Terry 1980 ) and low sugar contents (Arulanantham et al. 1990) .
Instead, malate and citrate could be provided anaplerotically via xylem from roots. In Fe-deficient sugar beet roots, the increased PEPC activity triggers other enzyme and metabolite changes that lead to enhancement of non-autotrophic, anaplerotic C fixation in the form of organic anions (Ló pez-Millán et al. 2000b ), similar to that reported previously in P-deficient Lupinus (Vance et al. 1994) . Furthermore, the xylem and apoplast of Fe-deficient sugar beet are highly enriched in organic anions, supporting the significance of this process (Ló pez-Millán et al. 2000a ). This pathway may imply several ecological advantages for Fedeficient leaves. The anaplerotically fixed organic anion pool could provide the energy to maintain basic metabolic processes in Fe-deficient leaves that have drastically reduced leaf photosynthetic rates (Terry 1980) . On the other hand, organic anions could play an important role in the translocation and transport of Fe from roots to leaves (Tiffin 1966a ,b, Brown et al. 1971 , White et al. 1981 , Cataldo et al. 1988 , Ló pez-Millán et al. 2000a .
The increased activities of MDH and aconitase in Fe-deficient sugar beet leaves could be rather the consequence and not the cause of the increased leaf organic pools. The increases in malate and citrate, substrates for MDH and aconitase respectively, could be responsible for the increases in enzyme activities. Aconitase activity was 1.7-fold higher in Fe-deficient sugar beet leaves when compared to the controls, indicating that citrate accumulation was not due to a decrease in the activity of this enzyme, conversely to what has been proposed previously Morrison 1958, Bacon et al. 1961) . The absence of decreases in aconitase activity with Fe deficiency has been also observed in roots of bean (Landsberg 1981) , Capsicum annuum (de Vos et al. 1986) , tomato (Pich and Scholz 1993) and sugar beet (Ló pez-Millán et al. 2000b) . In leaf extracts, aconitase has been shown to decrease in Capsicum annuum (de Vos et al. 1986 ) and to increase in pear (A.-F. Ló pez-Millán, Ph.D. Thesis, University of Zaragoza, Spain).
PEPC, MDH and CS, that could cause carboxylation of PEP to oxalacetate and subsequently conversion into malate and citrate. The relationship between these enzymatic activities and organic anion concentrations in Fe-deficient leaves, however, does not appear to be direct. In moderately Fedeficient leaves PEPC and MDH activities did not increase Physiol. Plant. 112, 2001 Within the first 24 h of Fe resupply to Fe-deficient leaves, there were increases in leaf Fe and decreases in PEPC and MDH activities to values similar to those found in Fe-sufficient plants. However, malate and citrate concentrations still remained 2-to 5-fold higher than in control leaves and did not decrease to control values until 96 h after Fe resupply. These results indicate that the enzymatic activities are tightly regulated by Fe concentrations. The relatively slow decrease in organic acid concentrations with Fe resupply may result either from the still-high xylem organic anion concentrations at this resupply time (data not shown) or be mediated by limitations in the utilisation of the large amount of leaf stored C in organic acid forms.
In Fe-deficient leaves, PDC activity increased 10-fold, whereas LDH decreased slightly with Fe deficiency. Several enzymes involved in anaerobic metabolism, such as PDC, LDH and formate dehydrogenase (FDH), have been shown to increase their activities in roots of Fe-deficient plants (Suzuki et al. 1998 , Ló pez-Millán et al. 2000b ). This increase is possibly a consequence of the markedly increased O 2 -consumption rates found in these roots (Ló pez-Millán et al. 2000b) , which may lead to a certain degree of root hypoxia. The increase in PDC activity observed in Fe-deficient leaves could also be associated with O 2 limitation, which has been suggested to occur in Fe-deficient leaves (Belkhodja et al. 1998) . Another possible explanation of this increase in Fedeficient leaves is that changes observed in TCA cycle enzymatic activities as well as in organic acid concentrations could lead to increases in pyruvate and subsequently to an increased PDC activity. Conversely, LDH, which uses also pyruvate as substrate, had decreased activities with Fe deficiency. Cytoplasmic acidosis, associated with increases in organic acid concentration, may lead to LDH inhibition (Drew 1997) .
In summary, Fe-deficient sugar beet leaves had large increases in the concentrations of organic acids and moderate increases in the activities of PEPC and several TCA cycle enzymes when compared to the controls. Several lines of evidence suggest that these organic anion increases do not arise from an enhanced C fixation in the leaves: (1) the increase in organic acids occurred in leaves with a markedly decreased Chl concentration and very low photosynthetic rates and sugar contents; (2) the increases observed in the activities of the enzymes involved in organic anion synthesis were smaller than the increases observed in citrate and malate, especially in moderately Fe-deficient leaves; (3) maximal increases in organic anions and enzymatic activities occur in leaves with different Chl concentrations; and (4) Fe resupply caused a decrease in enzymatic activities down to control values in 24 h, whereas the organic anion pool decreased to control values only at 96 h. These data would be in good agreement with the existence of an export of organic acids from the roots to the Fe-deficient leaves via xylem, possibly associated with the enhanced anaplerotic fixation of CO 2 reported to occur in the roots of Fe-deficient plants. This hypothesis remains to be proved in further experiments.
